There is a growing interest in isolating tumor cells from biological samples. Considering that circulating tumor cells can be rare in blood, it appears challenging to capture these cells onto a surface with high selectivity and sensitivity. In the present paper we describe the design of functionalized surfaces aiming to selectively capture tumor cells by using the RGD peptide ligand either with a tetrameric or a monomeric presentation. β-cyclodextrin-coated self-assembled monolayers were used as platforms for the binding of RGD ligands endowed with a redox ferrocene cluster as the dissociation of the inclusion complex on the surface is accounted for the release of the captured cells upon electrochemical oxidation of ferrocene. For this purpose, we determined suitable RGD densities for both monovalent and tetravalent ligand presentations. The present results indicate that the clustered RGD architecture efficiently improves the selective cell capture at a very low RGD-surface density (∼ 10 RGD/μm 2 ) in comparison with the monovalent presentation (∼ 1000 RGD/ μm 2 ).
Introduction
Multivalent interactions are ubiquitously observed in biological systems for a wide range of functions including integrinmediated cell adhesion to extracellular matrix (ECM). 1 Among the integrin receptors, the α V β 3 integrin subclass has received special attention as it is involved in tumour progression such as aggressive metastatic cancer. 2 Felding-Habermann et al. have
shown that this receptor contributes to circulating tumour cell (CTC) arrest. 3 As cells expressing α V β 3 integrin interact with the ECM through the recognition of the ubiquitous triad sequence RGD (Arg-Gly-Asp), a series of peptides containing the RGD sequence were developed for diagnosis and tumour therapy. 4 The cyclopentapeptide derivatives were found to specifically bind the α V β 3 integrin. To date, the influence of individual RGD-containing molecules on cell adhesion, exhibiting monovalent vs. clustered ligands, has not been reported. To answer this question, we designed bifunctional compounds containing the cyclopentapeptide cell recognition motif RGD in either tetrameric (compound 1) or monomeric presentation (compound 2), and ferrocene (Fc) motifs for host-guest mediated attachment to surfaces with β-cyclodextrin (β-CD) functionalized self-assembled monolayers (SAMs) (Fig. 1) . The use of supramolecular chemistry, particularly host-guest systems, is an attractive way to study cell-substrate interactions. 11 The redox properties of Fc have been exploited to provide reversible host-guest interactions. This property enables the cell capture and the release from the surface required for further cell analyses. 12 Herein, we report a new method for controlling the surface density of monomeric or tetrameric RGD compounds exploited for the selective α V β 3 -expressing cell capture and release. Furthermore, a fundamental issue regarding the inter-ligand spacing for cell adhesion on surfaces was addressed.
Results and discussion
As the affinity of Fc for β-CD is low (K d = 250 μM), 13 the macromolecules require multivalent interaction to strengthen the binding of RGD bioconjugates on β-CD functionalized surfaces. We then prepared Fc-RGD bioconjugates 1-2 that display four copies of guest motifs. In parallel, we designed a control adamantane (Ad) derivative 3 that forms a stronger quasi-irreversible multivalent host-guest complex with β-CD preventing the cell release.
Synthesis of multi-functional compounds.
To produce the macromolecules 1 and 3, we used a convergent chemical synthesis via sequential chemoselective ligations of the functional units using oxime ligation 14 and copper-catalysed azide-alkyne cycloaddition (Scheme 1). 15 Peptides 5-7 were prepared through a combination of solid and solution-phase syntheses according to methods already developed by our group. 16 One-pot aminooxy deprotection of cyclodecapeptide 6 and subsequent oxime ligation of RGD derivative 5 were carried out in aqueous trifluoroacetic acid (TFA) solution. Full removal of serine protecting groups was completed with concentrated TFA. Subsequent oxidative cleavage with sodium periodate of the amino-alcohol moiety of serine residues provided the compound 8. The intermediate macromolecule 9 bearing four alkyne functions was then produced through a second oxime ligation between cyclodecapeptides 7 and 8.
Cycloadditions of Fc derivative 10 and Ad derivative 11 with the intermediate 9 provided, respectively, the RGD compounds 1 and 3 in saNsfying yields (see the ESI †). In parallel, the compound 2 displaying a single RGD unit and the compound 4 lacking the RGD motif were synthesized as described earlier. Functionalization of surfaces. SAM functionalized surfaces were then prepared by exposing gold surfaces to a solution containing 20 mol % of β-CD-terminated thiol in combination with oligo(ethylene glycol)-terminated thiol. This percentage represents a fine balance between maximizing the density of β-CD on the SAM surface but avoiding the steric hindrance of the cyclic oligosaccharide aiming to optimize the β-CD host properties on surfaces.
17 Quartz crystal microbalance with dissipation monitoring (QCM-D) was used to monitor the binding of the bifunctional compounds onto the β-CD SAM platform. Figure 2 shows the immobilization of compound 1 on β-CD SAM. The obtained QCM-D signals after rinsing confirm the inclusion complex stability. Additionally, the dissipation shift is very low (0.4 ± 0.1 x 10 -6 ) indicating that the layer comprising compound 1 is rather rigid. From a combined QCM-D and spectroscopic ellipsometry (SE) measurement, we can convert the QCM-D frequency shift into a molecular surface density (Fig. 3) . From a mean frequency shift (measured from 10 independent experiments) of -16 ± 4 Hz, the molecular surface density of stably bound compound 1 at saturation (19 ± 5 pmol.cm -2 ) was determined by the calibration plot (∆f vs.
m SE , Fig. 3) . A root-mean-square (rms) inter-ligand distance of 3.0 nm can be calculated from this surface density of 1. By SE, we measured a comparable molecular surface density of 18.6 ± 1.0 pmol.cm -2 for a compound 4' of similar structure as compounds 4 and 2 (Fig. S16 , ESI †), suggesting that the maximal surface density is essentially determined by the size of the decapeptide scaffolds to which Fc and RGD motifs are attached. characterizing the build-up of the biosensing layer. The initial β-CD-functionalized SAM was prepared ex situ by overnight adsorption of thiols, and adsorption of compound 1 (0.8 µM) in PBS buffer solution was then monitored by QCM-D. The arrow indicates start and duration of sample incubation; for remaining times the surface was exposed to pure running buffer. T = 24°C, flow rate = 20 µL.min -1 . Control of RGD ligand surface densities. In order to achieve lower RGD ligand densities, appropriate ratios of the cell-adhesive compounds 1 or 2 in combination with the non-adhesive compound 4 were used to functionalize the β-CD SAM surfaces.18 Based on the binding kinetics of each compound, the RGD surface concentrations and the corresponding inter-ligand distances were determined for the different mixtures of compounds 1 or 2 with 4. The three compounds should interact very similarly with the surface, because they display guest motifs in the same way and have the same footprint. It is therefore reasonable to assume that adsorption from a mixed solution is a simple overlapping of individual component bindings.
In a first step, we considered the binding processes for each component individually, and performed QCM-D binding assays with pure compounds at selected reference concentrations ,ref , where the index denotes compound 1, 2 or 4 (Fig. S17 A-C, ESI †). The measurements were performed under flow, at rates identical to those later used for the preparation of surfaces for cell adhesion studies. We found that the frequency response rates were virtually constant throughout most of the binding process, although distinct, for all three compounds (Fig. S17D-F (Fig. 3 ) demonstrated that the relationship between the areal mass density and the QCM-D frequency shift Δ is linear to a good approximation. Considering the similarities in structure and surface interaction of 1, 2 and 4, we can assume that the close-to-linear relationship also holds for 2 and 4, that is
where Γ is the molar surface density and M the molecular mass.
The sensitivity constants can be related to the frequency shifts at saturation Δ , ! (Table 1 , Fig. S17A -C, ESI †), through
, [3] by exploiting the fact that Γ ! = 19 pmol/cm 0 is the same for all compounds. From Eqs. [1] to [3] we obtain
for the adsorption of pure compounds over most of the binding process. , [6] where Ω 4 can be readily determined from reference QCM-D measurements with pure compounds 1, 2 and 4. In essence, the factors Ω 4 account for the differences in the on rates (including mass transport) of compounds 1 or 2 relative to compound 4. Table  1 confirms that these are of a similar order of magnitude, as expected, considering that all compounds have roughly the same size and should interact very similarly with the surface. Compound c/c4 .
[7]
Eq.
[7] with Γ !3!, ! = 19 pmol/cm 0 and Ω 4 from Table 1 was used to estimate the surface coverage of 1 or 2 at saturation when coadsorbed in various mixtures with 4. Compounds 1 or 2 were thus co-immobilized on βCD-SAM surfaces in the presence of nonadhesive compound 4 using different cj/c4 ratio and their adsorption were monitored by QCM-D. The results are shown in Table 2 : they include the percentage of RGD compounds 1 or 2 in the solution used to prepare the functionalized surfaces, the molar surface density of each compound and the root-mean-square distance r rms between adjacent molecules. Taken together, the approach presented here enables quantitative tuning of the RGD ligand surface density over a large range of densities that are difficult to measure directly.
Effect of RGD presentation on cells.
To evaluate the effect of the multimeric RGD presentation by compound 1 compared to monomeric compound 2, cell adhesion assays were performed on the different surfaces and monitored using optical microscopy. Experiments were conducted under flow using human embryonic kidney cells HEK-293(β3) that overexpress α v β 3 integrin and HEK-293(β1) were chosen as a negative control (α V β 3 -negative but expressing α V and β 1 subunits). 19 We first evaluated the cell adhesion (50000 cells/mL) on saturated surfaces presenting compound 1. The presence of RGD ligands on the surface promotes strong adhesion and spreading morphology of HEK-293(β3) cells in a fluidic system (Fig. 4 A) . Under these conditions, the viability of cells was observed after 20 min by using a trypan blue assay (Fig. 4 B) . Most cells were alive and only a minor fraction (<20%) were stained signifying cell death.
To avoid cell spreading thus making easier the cell release, we performed the next experiments under drastic conditions by using a shorter injection time (3 min) with lower cell concentration (5000 cells/mL). We first assessed cell adhesion on saturated surfaces displaying either the multimeric compound 1 or the monomeric compound 2 (Fig. S19 , ESI †). We observed rapid cell adhesion on both surfaces even if we noticed that the cell densities were much lower than in the previous case. This result indicates that the multimeric architecture of compound 1 does not produce an important contribution to ligand-integrin interactions as the multivalency effect essentially comes from the high molecular surface density. This result is in good agreement with previous experiments conducted on resin beads functionalized with RGD compounds. 20 It is worth noting that for surfaces displaying more than 10% of tetrameric RGD compound 1 we obtain saturated surfaces and a strong adhesion that cannot allow cell detachment (data not shown). Cell suspension (5000 cells/mL) was continuously injected for 3 min at a flow rate of 100 µL.min -1 at 37°C to SAM surfaces displaying C) 0.95% compound 1, D) 1% compound 2, E) 0.0084% compound 1 and F) 0.1% compound 2. These images were chosen because they are representative of the entire surface.
To discriminate the effect of the tetrameric RGD compound 1 from the multivalency provided by a high molecular surface density, we next assessed cell adhesion using SAMs carrying low densities of RGD compounds (ratios from ∼0.001% to 1%). On surfaces displaying ∼1% RGD compounds (inter-compound spacing of ∼30 nm which corresponds to 1000 RGD/μm 2 ), we observed clear adhesion of HEK-293(β3) cells to β-CD-SAM surfaces functionalized by the tetrameric RGD compound 1 whereas cell attachment was highly restricted on surfaces functionalized with the monomeric RGD compound 2 (Fig. 4 C-D) . As the images are representative of the whole functionalized surface, we could estimate that the cell densities were about five times lower on the surface displaying monomeric compound 2. Importantly, we did not observe adhesion of HEK-293(β1) confirming that adhesion is mediated by the specific binding of α v β 3 integrin to RGD (Fig. S19-S22 , ESI †). We next examined β-CD-SAM surfaces functionalized with lower densities of RGD compounds. While we still identified adherent round cells on surfaces displaying ∼0.01% of multimeric RGD compound 1 (Fig. 4 E) , we did not observe any cells on surfaces exhibiting 0.1% of monomeric RGD compound 2 (Fig. 4 F) . We calculated a critical root-meansquare (rms) inter-ligand spacing of ∼100 nm (110 RGD/μm 2 ) for compound 2 above which cell binding was effectively impaired. This data is in good agreement with reported results for cell adhesion to surfaces that were functionalized with RGD-containing gold nanoparticles. 10c Interestingly, an rms inter-ligand spacing of ∼320 nm (10 RGD/μm 2 ) was sufficient for cell attachment to surfaces functionalized with the tetrameric ligand 1. This result emphasizes the importance of the tetrameric architecture of compound 1. Therefore, we can effectively discriminate the multivalent effect at a length scale of 1 nm (provided by the presentation of RGD as multimeric clusters) from the multivalent effect at larger scales (provided by the surface). To our knowledge, this is the first time that the effect of a multimeric RGD compound on surface was shown in comparison with its monomeric analogue under flow conditions. It is important to note that at this very low RGD density of 10 RGD/μm 2 , cell spreading was observed 20 min after cell injection ( Under the same conditions, we examined a surface displaying the adamantane derivative compound 3 which forms stringer, quasi-irreversible multivalent host-guest complexes with β-CD. As expected, the oxidative conditions did not allow the cell release (Fig. S26, S27 , ESI †). These results highlight the potential of the tetrameric RGD compound 1 for the selective isolation of α v β 3 -expressing cells under flow conditions.
Conclusions
In conclusion, we compared the effect of a multimeric RGD compound to its monomeric analogue on a specific α v β 3 -integrin expressing cell capture and release assay. We have shown that the clustered RGD compound improves specific cell adhesion under short injection time conditions using low cell concentrations, thus allowing cell release. Furthermore by using the clustered RGD compound, an inter-ligand spacing of 320 nm is satisfactory for cell adhesion while 30 nm is required for the monomeric RGD conjugate. We reason that this cell capture/release system could be applied for CTC isolation from blood samples prior to cell characterization and then facilitating clinical decision. 
Experimental Materials and methods
All Fmoc amino acid derivatives and resins were purchased from Advanced ChemTech Europe (Brussels, Belgium), Bachem Biochimie SARL (Voisins-Les-Bretonneux, France) and France Biochem S.A. (Meudon, France). PyBOP was purchased from France Biochem. HS-(CH 2 ) 11 -EG 6 -CH 2 COONHS and HS-(CH 2 ) 11 -EG 4 -OH were purchased from Prochimia Surfaces (ProChimia Surfaces, Sopot, Poland). 6-Monodeoxy-6-monoamino-β-Cyclodextrin-HCl was provided by Cyclodextrin Shop (Tilburg, The Netherland). N 3 -EG 4 -NHS was purchased from IRIS Biotech GMBH. PBS (Phosphate Buffer
General procedure for solid-phase peptide synthesis
Assembly of all protected peptides was carried out using the Fmoc/t-Bu strategy manually in a glass reaction vessel fitted with a sintered glass frit or automatically on a peptide synthesizer using 2-chlorotritylchloride. Coupling reactions were performed manually by using 2 equiv of N-Fmocprotected amino acid (relative to the resin loading) activated in situ with 2 equiv. of PyBOP and 3-5 equiv. of diisopropylethylamine (DIPEA) in DMF (10 mL/g resin) for 30 min except for the first coupling on 2-chlorotritylchloride. The coupling efficiency in manual synthesis was assessed by TNBS tests. N-Fmoc protecting groups were removed by treatment with a piperidine/DMF solution (1:4) for 10 min (10 mL/g resin). The process was repeated three times and the completeness of deprotection verified by reading the UV absorbance of the piperidine washings at 299 nm. The linear peptides were then released form the resin by treatments with a solution of trifluoroacetic acid/ methylene chloride (1:99, 10 mL/mg resin, 2x30 min). After evaporation, diethyl ether was added to precipitate peptides. Then, they were triturated and washed three times with diethyl ether to obtain crude materials that were used in the next step without further purification.
General Procedure for Cyclization Reactions
All linear peptides were dissolved in DMF (0.5 mM) and the pH values were adjusted to 8-9 by addition of DIPEA. PyBOP (1.3 equiv.) was added and the solution stirred at room temperature for 1 h. Solvent was removed under reduced pressure and the residue dissolved in a minimum of methylene chloride. Diethyl ether was added to precipitate peptides. They were then triturated and washed three times with diethyl ether to obtain crude materials that was used in the next step without further purification.
Synthesis of compound 6
The linear protected decapeptide was assembled as described in the general procedure for solid phase peptide synthesis (600 mg, loading of 0.46 mmol/g) using building blocks as previously described, and was used in the next cyclization step without further purification. The cyclization reaction was carried out as described in the general procedure for peptide cyclization. The cyclic protected peptide 6 was used in the next step without further purification.
Synthesis of compound 7
The linear protected decapeptide was assembled as described in the general procedure for solid phase peptide synthesis (600 mg, loading of 0.45 mmol/g) using building blocks as previously described, 12a and was used in the next cyclization step without further purification. The cyclization reaction was carried out as described in the general procedure for peptide cyclization. The cyclic protected peptide 7 was used in the next step without further purification.
Synthesis of compound 8
To a solution of cyclodecapeptide 6 (83 mg, 39 μmol) in H 2 O/trifluoroacetic acid (13 mL; 3:7) was added cyclo[-Arg-GlyAsp-D-Phe-Lys(-CO-CHO)-] peptide derivative 5 (129 mg, 195 µmol), which was synthesized as previously described. 23 The solution was stirred for 20 min at room temperature. After removal of the solvents under reduced pressure, the removal of the t-Bu protecting groups on the RGD-containing conjugate was carried out in 10 mL of a solution containing TFA/H 2 O (95:5). The solution was stirred at room temperature for 2 h. The product was directly purified by RP-HPLC as described in the general procedure for purification to yield the RGDcontaining conjugate as a white powder (70 mg, 17 μmol, 44%). To a solution of the RGD-containing conjugate (70 mg, 17 μmol) in water (5.5 mL) was added 20 equiv. of NaIO 4 (73 mg, 341 μmol). After 20 min stirring at room temperature, the di-aldehyde product was directly purified by RP-HPLC to yield compound 8 as a white powder (32 mg, 8 μmol, 46%).
Synthesis of compound 9
To a solution containing the derivative 8 (25 mg, 7 μmol) in 14 mL of H 2 O/CH 3 CN/TFA (2:1:7) was added cyclopeptide 7 (11.2 mg, 7 μmol). The reaction was stirred for 20 min at room temperature. Compound 9 was isolated after purification by RP-HPLC as a white powder (17 mg, 3 μmol, 42%).
Synthesis of compound 1
To a solution of alkyne-containing compound 9 (2 mg, 0.36 µmol) and adamantyl azide fragments Fc-EG 4 -N 3 10 (1 mg, 2.2 µmol) prepared as previously described 24 in degassed DMF under nitrogen atmosphere, was added a solution of CuSO 4 (1 equiv.) and THPTA (3 equiv.) in degassed phosphate buffer (100 mM, pH 7.4). A solution of sodium ascorbate (10 equiv.) in degassed phosphate buffer was added to the medium. The resulting mixture was heated at 45°C for 2h30. After completion, the crude was directly subjected to preparative RP-HPLC with a step gradient of ACN in water containing 0.1% TFA to afford pure peptide derivatives 1 as a white powder (1.7 mg, 0.23 µmol, 63% yield).
Synthesis of compound 2
The compound 2 was prepared as previously described.
12a
Synthesis of compound 3
To a solution of alkyne-containing compound 9 (2.5 mg, 0.45 µmol) and AD-EG 4 -N 3 11 (1.2 mg, 2.7 µmol) prepared as previously described 17b in degassed DMF under nitrogen atmosphere, was added a solution of CuSO 4 (1 equiv.) and THPTA (3 equiv.) in degassed phosphate buffer (100 mM, pH 7.4). A solution of sodium ascorbate (10 equiv.) in degassed phosphate buffer was added to the medium. The resulting mixture was heated at 45°C for 2h30. After completion, the crude was directly subjected to preparative RP-HPLC with a step gradient of ACN in water containing 0.1% TFA to afford pure peptide derivatives 3 as a white powder (2.3 mg, 0.32 µmol, 71% yield).
Synthesis of compound 4
Compound 4 was obtained from the requisite linear protected decapeptide assembled as described in the general procedure for solid phase peptide synthesis (380 mg, loading of 0.45 mmol/g) using building blocks as previously described. 16 The linear protected decapeptide was used in the next cyclization step without further purification. The cyclization reaction was carried out as described in the general procedure for peptide cyclization. The cyclic protected peptide was used in the next step without further purification. The removal of the t-Bu protecting groups on the serine residues of the cyclic decapeptide was carried out in 4 mL of a solution containing TFA/H2O/TIS (95:2.5:2.5). The solution was stirred at room temperature for 2 h. after removal of the solvents under reduced pressure; the product was isolated by precipitation from diethyl ether. The crude was subjected to RP-HPLC purification to afford the deprotected peptide as a white powder. Deprotected peptide (4.5 mg, 3.4 µmol) and azido derivative 10 (9 mg, 17 µmol), were condensed as described in the procedure for CuAAC ligation of 1 or 3 to yield after purification compound 4 as a white powder (7 mg, 2.2 µmol, 65% yield).
Synthesis of β β β β-CD terminated alkanethiol
The β-CD terminated alkanethiol was prepared as previously described.
17b
Quartz crystal microbalance with dissipation monitoring (QCM-D)
QCM-D measurements were performed using Q-Sense E1 or E4 instruments (Biolin Scientific Västra Frölunda, Sweden) equipped with one or four flow modules, respectively. Besides measurement of bound mass (including trapped solvent), which is provided from changes in the resonance frequency, f, of the sensor crystal, the QCM-D technique also provides structural information of biomolecular films via changes in the energy dissipation, D, of the sensor crystal. f and D were measured at the fundamental resonance frequency (4.95 MHz) as well as at the third, fifth, seventh, ninth, eleventh, and thirteenth overtones (n = 3, 5, 7, 9, 11 and 13). Normalized frequency shifts f = f n /n and dissipation shifts D = D n of the seventh overtone are presented unless otherwise stated.
Experiments were conducted in a continuous flow of buffer with a flow rate of 20 µL.min -1 by using a peristaltic pump (ISM935C, Ismatec, Switzerland). The temperature of the E1-E4 QCM-D platform and all solutions were stabilized to ensure stable operation at 24°C.
For cell-adhesion assays, the sensors were equilibrated in the QCM-D measurement chamber with DMEM medium (without serum) at 37°C. f and D were recorded continuously during the incubation (using a flow rate of 100 µL/min) of the cells (5000 or 50000 cells/mL) suspended in the same medium.
Microscopy experiments coupled with QCM-D were performed using the Q-Sense Window Module 401 (Biolin Scientific) and a microscope Axio Imager A1m (Carl Zeiss S.A.S., France). The images were registered and treated using the software Axiovision from Carl Zeiss S.A.S.
Combination of electrochemical and QCM-D measurements (E-QCM-D) were performed using electrochemical QCM-D modules (Biolin Scientific), connected with a CHI 440 potentiostat (CHInstruments, Inc., USA). Electrode potentials were referred to Ag/AgCl/KCl (3 M). The counter electrode was platinum and the working electrode was the functionalized gold-coated QCM-D sensor. All buffers were previously degassed in order to avoid bubble formation in the fluidic system. All QCM-D experiments were repeated at least three times, and errors indicated in the main text and tables represent standard deviations.
Spectroscopic Ellipsometry (SE)
SE measures changes in the polarization of light upon reflection at a planar surface, and was employed in aqueous environment with a M2000V system (J.A. Woollam, Lincoln, NE) to quantify the surface density of peptide conjugates in a time-resolved manner. SE measurements were either performed independently, or combined with QCM-D on the same substrate, at room temperature. The functionalization of the gold-coated substrates with β-CD SAM was performed ex situ, before the measurement, and the functionalization with the peptide conjugates was then monitored in situ. For independent SE measurements, a custom-built open cuvette (~120 μL) featuring a magnetic stirrer for homogenization of the cuvette content and a flow-through system for rapid solution exchange during rinsing steps was used. 25 Combined SE/QCM-D measurements were performed with a custom-built open cuvette (~2 mL), as described in detail elsewhere. 26, 27 A magnetic stirrer was used to homogenize the cuvette content for a few seconds during sample injection and also during rinsing steps, whereas adsorption proceeded in still solution to guarantee a homogeneously accessible surface and thus enable quantitative correlation of SE and QCM-D responses which were measured on overlapping but non-identical surface areas. 26 Peptide conjugate surface densities were quantified through fitting of the SE data to an optical model using the software CompleteEASE (Woollam) as described in detail elsewhere. 28 The model relates the ellipsometric angles Δ and ψ, measured over the wavelength range λ = 380 to 1000 nm, to the optical properties of the sensor surface, the adsorbed film, and the surrounding solution. The opaque metal film and the β-CD SAM on gold-coated silicon wafers were treated as a single isotropic layer and fitted as a B-spline substrate; the peptide conjugate film was treated as separate, transparent Cauchy layer. Areal mass densities were determined through de Feijter's equation, 27 using a refractive index increment dn/dc = 0.18 cm 3 /g.
All measurements were repeated twice and the data represent mean ± standard errors.
Surface functionalization
QCM-D sensors with 100 nm gold-coating (QSX301) were purchased from Biolin Scientific. Appropriately sized silicon wafers with an optically opaque gold coating (100 nm, sputtercoated) were used for SE measurements. Prior to use, the surfaces were exposed to a UV-ozone treatment for 10 min using a UV-ozone cleaner (Jelight Company, Irvine, CA, USA Both cell lines were cultured as adherent monolayers in DMEM supplemented with 10% fetal bovine serum (FBS) and 700 µg/mL Geneticin (G418 sulfate), at 37°C in a humidified 95% air/5% CO 2 atmosphere. The cell adhesion assays were conducted at a concentration of 5000 or 50000 cells/mL in DMEM without serum to ensure the specific interaction of integrin-presenting cells with the RGD-presenting surface. As the serum contains adhesion proteins, we must avoid the nonspecific adsorption of these proteins onto the functionalized surface.
Cell viability assay
The viability of the captured cells was assessed in a trypan blue assay. After 20 min flow of HEK-293(β3) cells (50000 cells/mL in DMEM without serum) at 37°C (flow rate 100 µL/min) on a β-CD SAM surface saturated in compound 1, leading to cell adhesion to the RGD-saturated surface, a trypan blue solution (trypan blue solution 0.4% in DMEM 1/1) was injected (flow rate 100 µL/min). As viable cells do not take up dyes whereas non-viable cells do, non-viable cells were blue while viable cells were unstained. Pictures were taken after 3 min incubation in trypan blue. 
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All optical imaging was performed on QCM-D sensors functionalized with -CD SAM and installed in the Q-Sense Window Module, with 5000 cells/mL injected for 3 min at 100 µL/min in DMEM, unless otherwise stated. ). The CV curve characterized the electrochemical response of Fc encapsulated in -CD cavity. The observed peak-to-peak potential splitting (5 mV at 100 mV/s) indicates that the voltametric response arises from surface immobilized Fc. We noticed that the reduction peak current (6.3 µA) is lower than the oxidation one (8 µA). This behavior can be explained by the dissociation of the inclusion complex during the Fc oxidation, Fc is converted to Fc .+ and the Fc--CD interaction is broken. Thus, on the reverse sweep less Fc are available for the reduction of Fc .+ to Fc (a lower ratio of inclusion complex were restored), because some of Fc compound 2 diffused in the solution. During the time scale of the potential sweep (100 mV/s) the ratio of compound 2 loosed in solution is low. For this electrochemical experiment KPF 6 has been selected because of the lipophilic properties of the PF 6 -anion that facilitates the charge compensation during the electrochemical oxidation of the hydrophobic Fc moieties. In reverse the oxidation of Fc-CD inclusion complex in PBS buffer solution leads to distorted CV curve and the oxidation requires higher potential, that is the reason of 0.55V applied potential. Figure S27: Electrochemical detachment assay on HEKon 100% compound 3. Micrograph (A) was taken after cell injection for 3 min. Micrograph (B) was taken on the same spot after the same treatment as for Figures S25B.
